Zebrafish as a neurogenetic model system depends on the correct neuroanatomical understanding of its brain organization. Here, we address the unresolved question regarding a possible zebrafish homologue of the dorsal pallial division, the region that in mammals gives rise to the isocortex. Analyzing the distributions of nicotine adenine dinucleotide phosphate diphorase (NADPHd) activity and parvalbumin in the anterior zebrafish telencephalon, we show that against previous assumptions the central (Dc) zone possesses its own germinative region in the dorsal proliferative zone. We define the central (Dc) zone as topologically corresponding to the dorsal pallial division of other vertebrates (mammalian isocortex). In addition, we confirm through BrdU-labeling experiments that the posterior (Dp) zone is formed by radial migration and homologous to the mammalian piriform cortex. Based on our results, we propose a new developmental and organizational model of the zebrafish pallium-one which is the result of a complex outwardinward folding.
Introduction
The mammalian isocortex is considered the crowning achievement of evolution because it forms the neurological substrate for cognitive and emotive human mental processes (Rakic, 2009) . It develops from what is called the dorsal pallial division. Searching for the evolutionary origin of this structure has been one of the most challenging questions in comparative neurology (Medina and Abellan, 2009) . A dorsal pallial division homologous to the mammalian isocortex evolved with jawed vertebrates (gnathostomes) and is present in diverse anamniotes like sharks, lungfish, and frogs (Gonzalez and Northcutt, 2009; Northcutt, 1981; Northcutt, 2009; Pombal et al., 2009; Rodriguez-Moldes, 2009; Wicht and Northcutt, 1998) . Ray-finned fish (actinopterygians) like zebrafish have been denied this privilege. Comparative studies have not established a distinct cortex homologue (Northcutt, 2008) . We also lack specific markers that could help identify the cortex region. Molecular markers (pax6 and reelin) which label the mammalian cortex in a characteristic, stage dependent manner are not expressed in regions qualifying for a cortex homologue in zebrafish (Costagli et al., 2002; Wullimann and Rink, 2001) . Also, none of the extensive molecular and gene expression studies on embryonic and larval stages of zebrafish have indicated a cortex homologue (Mueller and Wullimann, 2005; Mueller and Wullimann, 2009 ).
The main obstacle for identifying pallial divisions in zebrafish is the unusual development of the teleostean telencephalon ( fig. 1 ). The telencephala of zebrafish and other ray-finned fish develop through a unique process of outward folding called eversion. The exact nature of this eversion process has been a subject of debate for the past 130 years. A number of eversion models have been proposed, ranging from very simple to highly elaborate (Braford, 1995; Braford, 2009; Butler, 2000; Gage, 1883; Nieuwenhuys, 2009; Northcutt and Davis, 1986; Northcutt, 2008; Studnička, 1894; Wullimann and Mueller, 2004; Yamamoto et al., 2007) . However, little developmental evidence has validated any of these models. As a result, there is no consensus on the exact anatomical delineation of even well established pallial homologies such as the teleostean pallial amygdala, the hippocampus, and the piriform cortex (Nieuwenhuys, 2009; Northcutt, 2008 ). Yet, all of the participants in the current debate agree that the exact anatomical delineation of these homologies and the identification of the dorsal pallium depend on a complete topological analysis of the teleostean eversion (Nieuwenhuys, 1962; Nieuwenhuys, 2009 ).
We chose a comparatively simple yet effective method for deciphering the zebrafish pallium. To determine and map true pallial histogenetic units, we studied consecutive sections of adult zebrafish that were stained against nicotine adenine dinucleotide phosphate diphorase (NADPHd) activity and parvalbumin. The differential staining patterns of both of these markers visualized pallial zones and their topological site of origin. For the first time, we show that the central (Dc) zone reaches the dorsal proliferative zone at the rostral pole of the telencephalon. Dc comprises its own germinative zone of origin and, thus, is a true pallial histogenetic unit. In a subsequent BrdU longterm labeling experiment, we provide additional evidence that the posterior (Dp)-zone, is the result of radial migration as proposed earlier . We also defined the topological origin of both of these divisions. In sum, we here propose a modification of the partial eversion model -one that recognizes the central (Dc) zone as a true pallial division topologically corresponding to the dorsal pallium.
Results

NADPHd-Activiy as a Marker for Pallial Units
The contrasting coloration of the NADPHd-activity stain allowed us to distinguish the individual zones of the zebrafish pallium ( fig. 2A ). The lateral (Dl) zone located at the dorsolateral part was marked most distinctly in dark blue. In contrast, the central (Dc) zone at the core of the pallium only showed sparse NADPHd-positive cells. The medial (Dm) zone facing Dl as well as the posterior (Dp) zone ventral to Dl were free of NADPHdactivity (fig 2A) . The locations of the pallial zones are the basis of the common topographical nomenclature ( fig. 2A-C) (Nieuwenhuys, 1990) . Our results, however, deliver the foundation for a topological terminology insofar as we define the four true histogenetic pallial units and their topological sites of origin.
NADPHd-Activity At The Rostral Pole of the Telencephalon
We traced these topological sites of origins analyzing consecutive sections of the rostral pole of adult zebrafish. Here we capitalized on the fact that, at its rostral pole, all major zones of the pallium are easily discernable with a stain against NADPHd-activity (figs. 3A-E). We found that the position of the pallial zones at the rostral pole of the telencephalon (described in figs. 2A-C) differed significantly from those seen at midlevels (figs. 3A-E). At most anterior sections (figs. 3A+B), the bluish NADPHd-positive Dl zone did not face the medial (Dm) zone but sat laterally to the sparsely NADPHd-positive central (Dc) zone. Dc was in these anterior sections vertically sandwiched between the medial (Dm) and the lateral (Dl) zones. Most importantly, the central (Dc) zone-our candidate for a dorsal pallial divisionextended to the dorsal proliferative matrix (marked by arrows in figs. 3A+B). Dc, thus, comprises its own germinative field in the dorsal proliferation zone.
At more posterior levels ( fig. 3C ) the lateral (Dl) zone began to cover the central (Dc) zone including its dorsalmost proliferative matrix (marked by arrows). Also a large indentation started to become visible between Dl and Dm. More caudally, this indentation enlarged ( fig.  3D ) and formed the sulcus ypsiloniformis (Y) ( fig. 3E ). On more caudal sections, the dorsal proliferation zone of Dc -the germinative sheet of origin-was visible as a distinctive line of red cells (arrows in figs. 3B+C) delineating the border to neighboring medial (Dm) and lateral (Dl) zones. At more caudal sections, the strongly NADPHd-positive lateral (Dl) zone fully covered this germinative sheet (arrows pointing on red cells in figs. 3C+D) and the entire sparsely labeled central (Dc) zone (figs. 3C-E). Together, these findings indicate that during development the central (Dc) zone sinks ventrally into the center of the pallium. We call this process invagination in our outward-inward folding hypothesis in fig. 7A . The major force of this process may be the differential growth processes of the medial (Dm) and lateral (Dl) zones during development. We hypothesize that during development the medial (Dm) and lateral (Dl) zone grow laterally and medially, respectively. This processes we call protrusions ( fig. 7A ).
This displacement of Dc by Dl alters our understanding of the sulcus ypsiloniformis (Y) as well ( fig. 3B ). The sulcus ypsiloniformis (Y) has been interpreted as an independent and stable anatomical landmark between Dm and Dl. Our results, however, indicated that this is true only for posterior levels of the telencephalon. At most anterior levels, the sulcus ypsiloniformis (Y) marked the border between the medial (Dm) zone and the central (Dc) zone ( fig. 3B ). This is because here the central (Dc) zone, including its germinative proliferative layer, reaches the dorsal top of the telencephalon. A dorsal (Dd) zone is absent in zebrafish.
Parvalbumin Immunoreactivity Confirms Four Pallial Units
To confirm that the zebrafish pallium comprises only four histogenetic units, we examined the distribution of parvalbumin. And, indeed, parvalbumin differentially marked the same four pallial zones in the adult zebrafish as NADPHd (figs. 4A-D). For example, the lateral (Dl) zone displayed many parvalbumin-positive cells ventrally adjacent to the dorsal proliferative layer, parvalbumin-positive cells in the periphery of Dl, as well as strongly labeled parvalbumin-positive fibers (nicely displayed in fig. 5E ). The central (Dc) zone, in contrast, markedly differed from the overlying lateral (Dl) zone through the absence of parvalbumin-positive cells in both, its proliferative layer and in its periphery. The presence of many parvalbumin fibers in Dc sets this pallial unit apart from the adjacent medial (Dm) and the posterior (Dp) zones, which both lack expression of parvalbumin. Note, also the lateral olfactory tract (lot), which is known to send olfactory projections to the posterior (Dp) zone as well as to the nucleus taeniae (Levine and Dethier, 1985; Northcutt, 2008) is defined by the absence of parvalbumin-positive fibers ( fig. 4A ).
The majority of parvalbumin-positive fibers in the central (Dc) and lateral (Dl) zone likely arise from two main sources: an anterior and a posterior one. Anteriorly, parvalbuminpositive fibers form fiber bundles at the pallial-subpallial boundary (black arrows, figs. 4C +D) that can be traced towards the rostral pole of the telencephalon; these fiber bundles arise from the dorsal (Vd) and ventral (Vv) nuclei of the subpallium. Here, many parvalbuminpositive cells display the morphology of projecting neurons (black arrowheads, figs. 4C+D). At posterior levels, Dc and Dl appear to receive parvalbumin-positive projections via the partially labeled lateral forebrain bundle. These projections likely arise from nuclei of the preglomerular complex, which is known to projects to both, the lateral (Dl) as well as the central (Dc) zone in goldfish (Northcutt, 2006) .
Parvalbumin-Immunoreactivity Confirms The Histogenetic Unit Dc
To confirm that the central (Dc) zone is a true histogenetic unit, we examined the distribution of parvalbumin-reactivity at the most rostral pole of the pallium. Indeed, the central (Dc) zone reached its own germinative zone within the periventricular site of proliferation (white arrows in fig. 5A ) when sandwiched between the medial (Dm) and the lateral ( In sum, our results show that the zebrafish pallium, like the mammalian one, possesses four true histogenetic divisions. In zebrafish these four are the medial (Dm), the lateral (Dl), the posterior (Dp), and the central (Dc) zones. The central (Dc) zone is a distinct developmental entity (i.e. a histogenetic unit)-one that possesses its own field of origin in the dorsal proliferative matrix. We hypothesize that Dc is ventrally displaced during development where its initial dorsal position shifts to the center of the pallium. The main force of this invagination process might be due to the medially oriented protrusion of the lateral (Dl) zone. A dorsal (Dd) zone is not present in zebrafish in contrast to earlier reports (Wullimann et al., 1996) . The overgrown part of Dl has been misinterpreted as a region corresponding to Dd.
The posterior zone (Dp) is the result of radial migration
To identify corresponding pallial divisions between teleosts and mammals-and, most importantly, to define Dc as topologically corresponding to the mammalian dorsal palliumwe need to understand the topological origin of each of these four domains. Apart from the central (Dc) zone, the posterior (Dp) zone of the teleostean telencephalon was the other key divisions with disputed place of origin (Nieuwenhuys, 2009 ). Yet, returning to our NADPHd-stained sections (in particular fig. 3C ), we get a first glance at Dp's genesis. In fig.  3C , the medial (Dm) zone is vertically subdivided. We can differentiate between a vertical field formed by densely populated cells (red arrowhead in fig. 3C ) and a parallel vertical field formed by scattered cells (green arrowhead in fig. 3C ) running alongside the former. We interpret this second subdivision as an adult reminiscent trace of an extensive radial migration across the pallium. This migration exiles the posterior (Dp) zone to the pial surface below the lateral (Dl) zone as has been suggested in the partial eversion model (Lillesaar et al., 2009; Mueller and Wullimann, 2009; Wullimann and Mueller, 2004) .
We determined whether Dp's origin is the result of such a radial migratory activity by performing longterm-BrdU experiments on larval zebrafish ranging from three to eight and nine days after fertilization. We used an antibody against Hu-proteins, a marker for newborn and differentiating neurons, as counterstain. In this way the pallium (P) was easily distinguishable from the subpallium (S) based on its differing proliferation and migration patterns (figs. 6A-D). The heterogeneous subpallium showed strong proliferative and migratory activity (figs. 6A-D) and exhibited many post-mitotic double-labeled BrdU-and Hu-cells (yellow cells nicely seen in fig. 6A ). In addition, migrated subpallial neurons mono-stained for Hu-proteins (green) appeared brighter than pallial ones. The pallium displayed a great homogeneity and dimly lit up as a uniform area of weakly Hu-labeled, green neurons. Here, double-labeled BrdU-and Hu-positive cells (orange) remained in the vicinity of their dorsal proliferative zones of origin marked in red as BrdU-positive. Against this consistent green background of BrdU-negative cells, we identified individual red oval BrdU-positive cells migrating mediolaterally across the pallium (arrowheads in fig.6A-D) .
This chain of migrating cells originated in a lateral field of the medial (Dm) zone and moved towards the cell poor area of the primordial posterior (Dp) zone (figs. 6A-D). Once these oval shaped, red migrating cells arrived at their destination they transformed into roundshaped, red neurons building the posterior (Dp) zone ( fig. 6D ). In addition, the postmitotic BrdU-positive cells of Dp were distinctly different from adjacent BrdU-positive cells of the lateral (Dl) zone. Cells of Dl were double-labeled for Hu and lit up yellow while the migrated cell population of Dp appeared red only, thus, Dp lacked these yellow Hu-positive neurons. This difference in cell population reveals that Dp is not a derivative of the proliferative matrix of the lateral (Dl) zone nor of any other proliferative zone close by, as similarly suggested by Lillesaar and colleagues (Lillesaar et al., 2009) . Rather, the developmental foundation of Dp is the above described radial migration of neurons across the pallium (Mueller et al., 2008; Wullimann and Mueller, 2004) . The domain of origin of those migrating neurons lies laterally adjacent to the primordial medial (Dm) zone. Now that we have identified all true pallial divisions and their possible mode of development, we can perform a topological analysis of the zebrafish pallium. We propose a new developmental model of the teleostean pallial eversion ( fig. 7A ) characterized by three main morphogenetic processes. First, the posterior (Dp) zone is the result of a radial migration across the entire pallium ( fig. 7A1 ) as previously suggested . Second, the central (Dc) zone including its proliferative matrix invaginates during development ( fig. 7A2) . Third, the lateral (Dl) zone subsequently overgrows the central (Dc) zone in a medially oriented protrusion ( fig. 7A4 ). According to our model, the dorsal (Dd) zone is not present in zebrafish, and might not be a histogenetic unit in other teleosts. The dorsal (Dd) zone in other teleosts may be, as the sulcus ypsiloniformis (Y) in zebrafish, a corollary of the morphogenetic movements during the complex eversion process.
If we now topologically compare the teleostean telencephalon with the mouse model ( fig. 1 ; fig. 7A-C) , we conclude that the medial (Dm) zone corresponds to the ventral pallium (VP), the posterior (Dp) zone to the lateral pallium (LP), the central (Dc) zone to the dorsal (pallium) and the lateral (Dl) zone to the medial pallium (MP).
Discussion
In this study, we identify in zebrafish the dorsal pallial division, which topologically corresponds to the dorsal pallium of other jawed vertebrates, including the isocortex of mammals. The teleostean dorsal pallial division has been overlooked because of its obscured development. For the first time, we establish the central (Dc) zone as a histogenetic unit, one that includes its own germinative field of origin in the dorsal proliferative matrix. We hypothesize, that Dc's location at the center is the result of an invagination process caused by the protruding medial (Dm) and lateral (Dl) zones during development ( fig. 7A ).
Until now, the central (Dc) zone of the zebrafish pallium has not been considered a true histogenetic unit. Instead, Dc has been treated as a deeper zone of the periventricular zones like the medial (Dm), the dorsal (Dd) and the lateral (Dl) zones (Northcutt, 2006; Northcutt, 2008 : Nieuwenhuys, 2009 ). Similarly, Dc together with periventricular parts of Dd, and Dl has been discussed as a possible homologue of the dorsal pallium . These assumptions, however, must be rejected as we clearly show that the central (Dc) zone is a true histogenetic unit and, thus, a distinct entity of the adult zebrafish brain.
Our interpretation of pallial divisions-appart from Dc and Dd-fundamentally agrees with current research. The medial Dm, lateral Dl, and the posterior Dp zones of the zebrafish pallium are established homologues of the pallial amygdala, hippocampus, and piriform cortex respectively (Braford, 1995; Northcutt, 2006; Portavella et al., 2002) . In regard to Dl, we agree with the suggestion that the dorsal (Dld) and ventral (Dld) zones in other teleosts than zebrafish are subdivisions of the same histogenetic unit, i.e. the medial pallium (Northcutt, 2006) .
Our anatomical delineation of Dm, Dl, and Dp is furthermore supported by molecular marker distributions in the adult and developing teleostean telencephalon. For example, the interpretation of the medial (Dm) zone as the pallial amygdala is consistent with behavioral studies (Portavella et al., 2002; Portavella et al., 2004) , the presence of ascending fibers from basal forebrain cholinergic cell groups, and the distribution of calretinin-positive cells (Castro et al., 2006; Mueller et al., 2004) . Also, the interpretation of the lateral (Dl) zone as the teleostean hippocampus is supported by behavioral experiments and molecular marker distribution (Castro et al., 2006; Portavella et al., 2002) . The posterior (Dp) zone of the teleostean pallium has been previously established as the region homologous to the piriform cortex of amphibians and other tetrapods (Braford, 1995) . Dp is well distinguishable from the overlaying lateral (Dl) zone, which expresses NADPHd and parvalbumin (this study) as well as neuropeptide Y (Castro et al., 2006) . Overall, what we describe as a conserved pallial organization in zebrafish is consistent with developmental gene expression patterns and mirrors the conserved molecular organization of subpallial divisions. Like in mammals, the teleostean pallium -including its dorsal pallial division-is invaded by tangentially migrating GABAergic cells that originate in a region homologous to the medial ganglionic eminence (Martyniuk et al., 2007; Mueller et al., 2006; Mueller et al., 2008; Mueller and Guo, 2009; Mueller and Wullimann, 2009; Retaux et al., 2008) .
Our results have significant implications for the understanding of the pallial evolution in ray-finned fish and vertebrates in general. The identification of a histogenetic unit in zebrafish that topologically corresponds to the dorsal pallium of other vertebrates is the first evidence for a dorsal pallium in ray-finned fish. A possible dorsal pallial division in teleosts has been discussed as being convergent, because there had been no signs of a dorsal pallium in non-teleost ray-finned fish (Nieuwenhuys, 2009; Northcutt, 2006; Northcutt, 2008) . For example, a dorsal pallial division has not been identified in Polypterus, the most basal group of ray-finned fish (Holmes and Northcutt, 2003; Northcutt et al., 2004; Northcutt, 2008) .
The identification of Dc as the possible homologue of the dorsal pallium in other vertebrates changes this situation. For example, sturgeons -a second clade of basal ray-finned fish and closely related to Polypterus -do possess a central (Dc) zone homologous to the one of teleosts (Adrio et al., 2008; Northcutt, 2008; Pinuela and Northcutt, 2007) . This latter finding supports the hypothesis that a dorsal pallium is an ancestral character of ray-finned fish, homologous to those of other vertebrates.
The dorsal (Dd) zone, however, has to be excluded as a possible candidate for representing either a convergent or homologous dorsal pallium in zebrafish. We believe that Dd of other teleosts than zebrafish is a composite area formed during the invagination process described in this study.
The identification of a distinct dorsal pallial division in zebrafish and its development through eversion has implications beyond evolutionary theory. For once, we provide a stable geography of the zebrafish pallium for succeeding physiological, anatomical, and behavioral studies. Our developmental paradigm of a dorsal pallial division overgrown by the medial (Dm) and the lateral (Dl) zones and our finding of tangentially migrating cells that form the posterior (Dp) zone need to be further analyzed in future studies regarding the genetic regulation of these processes in zebrafish.
Material and Methods
Animal Treatments
We used 20 adult zebrafish (age 6 to 12 months) from our local breeding colony at UCSF. Our zebrafish were anesthetized with tricaine methanosulfonate (MS222, Sigma), perfused with Sörensen phosphate buffer (PB, pH 7.4), and perfusion fixed with 4% paraformaldehyde (PFA, in PB). We immediately removed the brains after perfusion and postfixed them in 4% PFA for 24 to 48 hours. Then, we washed the fixed brains three times for 15 minutes with PB and then transferred them into a solution of 30% sucrose in PB (w/v) for 16 hours (overnight). On the next day, we transferred the cryoprotected brains to TissueTek® O.C.T.™ and froze them at minus 20° Celsius. We analyzed three adult brains stained against NADPHd activity and five stained against parvalbumin. Larval zebrafish, that we first treated with BrdU (see BrdU-labeling) were anesthetized with tricaine methanosulfonate (MS222) for a couple of minutes and then fixed overnight with 4% PFA. For this study we analyzed seven larval brains stained against BrdU and Hu-proteins.
NADPHd-Activity Histochemistry
We performed our histochemical detection of NADPHd-activity in adult zebafish brains according to Giraldez-Perez and colleagues (Giraldez-Perez et al., 2008) . We incubated the brain sections in a solution of 0.1 M Tris buffer (pH 8.0), 0.05% Triton-X-100 (SigmaAldrich), 1 mM beta-NADPH (Sigma-Aldrich), and 0.8 mM nitroblue tetrazolium (SigmaAldrich) at 37° Celsius for 1 to 2 hours. Afterwards we rinsed the slides with the brain sections three times in phosphate buffer (PB) and fixed them for 1 hour in 4% PFA. Later we dehydrated them in a graded series of ethanol and coverslipped them with Entellan (Merck).
Parvalbumin Immunostaining
We applied a monoclonal mouse antibody against parvalbumin (MAB1572, 1:2000, Millipore) on cryosectioned brain sections (thickness 18-35 μm). We used a secondary antibody (rabbit IgG) coupled with horseradish peroxidase (Elite ABC Kit, Vectastain PK-6102) and diaminobenzidine (DAB) as chromogen as described elsewhere . The DAB incubation of slides with brain sections involved heavy metal intensification (50 mg DAB plus 3 ml 1% nickel-sulfate plus 3 ml 1% cobalt chloride in 200 ml PBS). After 20 minutes of preincubation, we added 600 μm of 0.3% H 2 O 2 . DAB was allowed to react with H 2 O 2 for 20 minutes. Later, we rinsed the slides three times in PB, dehydrated them in a graded series of ethanol, and coverslipped them with Entellan (Merck).
BrdU-labeling
We incubated 12 larval zebrafish in a 10 mM solution of BrdU (dissolved in system water) for 3 to 8 days post fertilization as described elsewhere (Mueller and Wullimann, 2002) . In order to cryoprotect our sections we left our fixed larvae in 30% sucrose in PB overnight and then transferred them to Tissue-Tek® O.C.T.™ and frozen them at minus 20° Celsius. Sections with a thickness of 16 μm were prepared at a cryotome. Immunohistochemistry was performed as follows: We washed our slides with sections in PBS (3×, 10 min) and then incubated them in 4 N HCl for 20 minutes at room temperature. Afterwards, we washed the sections first with PBS (3×, 10 min) and later in PBS + 0.5% Triton (2×, 5 minutes) and PBS (3×, 10 min). Then we blocked our sections in 3% bovine serum albumine (BSA) in PBS for 30 minutes and incubated them with primary antibodies (diluted in 3% BSA-PBS) overnight at 4° Celsius. The following day, we washed our sections in PBS (3×, 10 min) and in PBS + 0.1% Triton (2×, 5 min). Later, we incubated our sections with secondary antibodies (diluted in PBS + 0.1% Triton) for 2 h, followed by washes with PBS (6×, 10 min). We coverslipped our slides using Dako fluorescent mounting medium. Our primary antibodies were anti-BrdU (rat, 1:2000, Abcam) and anti-HuC/D (mouse, 1:1500, Invitrogen). Our secondary antibodies were anti-rat 568 and anti-mouse 488 (both Alexa, 1:200 dilution). We took our images using a Zeiss compound microscope and we used Adobe Photoshop CS for our image processing. The teleostean telencephalic outward folding (eversion) leads to a dorsal telencephalon (pallium) where proliferative zone and ventricular surface are located on its dorsalmost site (indicated by location and orientation of radialglia). The development of the medial (MP), dorsal (DP), lateral (LP), and ventral (VP) pallial divisions which in mammals give rise to the hippocampus, cortex, piriform cortex and pallial amygdala is poorly understood. Eversion models simplified after (Nieuwenhuys, 1990) and (Mueller and Wullimann, 2009 ) (C and D) The mammalian (mouse) telencephalon develops through evagination. Proliferative zones are inwardly oriented towards the ventricle. Pallial divisions in mouse simplified (Puelles et al., 2000) . Coronal sections of a zebrafish telencephalon stained against NADPHd-activity. (A) The differential distribution of nicotine adenine dinucleotide phosphate diphorase-(NADPHd-) activity reveals distinct pallial divisions in the rostral pole of the zebrafish telencephalon. The lateral (Dl) zone of the pallium is strongly NADPHd-positive and can easily be discerned from the weakly stained central (Dc) zone and the unstained medial (Dm) and posterior (Dp) zones. (B) For comparison. GAD67 mRNA is a marker for GABAergic cells. The pallium is defined by scarse GAD67-expressing cells and, thus, can be distinguished from the subpallium, which is defined by dense GAD67-expressing cell populations in the subpallial parts of the telencephalon, namely the dorsal (Vd) and ventral (Vv) zones of the ventral telencephalon (Vd) and the entopeduncular nucleus (EN). (C) Schematic coronal sections with topographical nomenclature. Note that the dorsal (Dd) zone of the dorsal telencephalon is not found in figs. 1A+B. B-D) . Parvalbumin-positive fibre bundles at the pallialsubpallial boundary can be followed from these anterior sections (arrow in B) that send projections to the central (Dc) and lateral (Dl) zones. Note, the sulcus ypsiloniformis (Y) is a large indentation at these anterior levels (C+D) and Dc reaches the ventricular surface formed by it. A dorsal (Dd) zone described in other teleosts is missing according to our results. Complex eversion model and topological organization of the zebrafish pallium. (A) The teleostean pallium consists of the same four pallial divisions present in mammals. Adult location and topological origin are obscured by three major developmental events. First, the posterior (Dp) zone (the lateral pallium, LP) is the result of radial migration across the entire pallium as suggested earlier . Second, the central (Dc) zone at the core of the pallium is the dorsal pallium (DP) that invaginates from a dorsalmost position. Third, the lateral (Dl) zone is the medial pallium (MP) that medially protrudes during development. Note, this model explains the origin of the sulcus ypsiloniformis as a corollary of the invagination. (B) Schematic section with topological nomenclature. The zebrafish pallium and its four pallial divisions compared to mouse. The zebrafish telencephalon possesses a ventral pallium (VP) that topologically corresponds to the
